Conventional phased arrays require a large number of sources in forming a complex wave front, resulting in complexity and a high cost to operate the individual sources. We present a passive phased array using an acoustic metascreen that transmits sound energy from a single source and steers the transmitted wave front to form the desired fields. The metascreen is composed of elements that have a discrete resolution along the screen at an order smaller than the wavelength, allowing for fine wave-front shaping beyond the paraxial approximation. The performance is verified in experiment by forming a self-bending beam. Our metascreen-based passive array with its simplicity and capability has applications in places where conventional active arrays are complex and have limitations.
I. INTRODUCTION
Various areas call for the desire to form wave fields of a specific property such as nondiffracting [1] , self-bending [2] , twisted [3] , or focused wave front. All of these wave fields are constructed from solutions of wave equations in either the paraxial or nonparaxial region. According to the Huygens principle, all wave fields can be assembled from the wave-front shape of elementary waves. This is the principle of a phased source array composed of an array of elementary sources with proper relative phases to bend, steer, or focus the energy of a wave front that forms the desired wave fields. The conventional phased array, however, requires a large aperture and, hence, a large number of sources in forming a complex wave front or nonparaxial wave beams, leading to high cost and complexity in the electronics required to operate the individual sources of the array.
One can avoid the complexity of the conventional phased array by manipulating the wave front of a single source using a passive structure that allows the penetration of the wave energy and provides a local phase delay to steer the transmitted wave front [cf. Fig. 1 ]. The elementary unit of the structure then needs to have the capability of (i) shaping the phase over a full 2π range, (ii) overcoming impedance mismatching at the unit for the wave energy to penetrate through the structure with a high transmission, and (iii) holding a fine discrete resolution along the array regarding the spatial aliasing effect, especially in forming nonparaxial fields [4] . In optics, these functions can be feasibly fulfilled by beam-shaping devices or structures like spatial light modulators [5] or recently emerged metasurfaces [6] [7] [8] . The manipulation is beneficial from the polarization and the plasmonic resonance in optical waves, which do not yet have mechanical counterparts in acoustic waves. Illustration of penetrating sound energy from a primary source through a passive screen at x ¼ 0 (the thin black box) that adds a phase shift ϕðyÞ on transmitted fields to shape wave-front propagation along a desired path y ¼ fðxÞ. The illustrated sound field (pressure level in units of decibels and referenced to the maximum value) is a self-bending beam whose path is the white arc line of radius r ¼ 3.5λ (λ is the sound wavelength) shaped from ϕðyÞ ¼ −kðy − 2kr ffiffiffiffiffiffiffi y=r p Þ.
The manipulation in acoustics is limited by a trade-off between the impedance mismatching determining the transmission efficiency and the refractive index playing a dominant role in phase shaping [9] . It is a further challenge to overcome this trade-off and, meanwhile, hold a fine spatial resolution. As such, the existing acoustic metamaterials [10] [11] [12] [13] [14] [15] and metasurfaces [16] [17] [18] [19] [20] [21] [22] , despite their capability of providing parameters unavailable in nature, have limited performance on the achievement of all three aforementioned functions.
To this end, we present a design and realization of an acoustic passive metascreen that has the extreme capabilities of high transmission, full phase control, and deep subwavelength spatial resolution that shape a transmitted wave front into wave fields of high quality in both the paraxial and nonparaxial regions.
II. ILLUSTRATION
Imagine that a sound field radiated by a primary source transmits through a planar screen [cf. Fig. 1] . The screen provides a local phase shift ϕðyÞ on the incident acoustic field, consequently forming the transmitted sound to propagate along a desired path y ¼ fðxÞ. Following ray tracing, the relationship between the phase shift profile ϕðyÞ and the sound path y ¼ fðxÞ is dϕðyÞ=dy ¼ −k sin θðyÞ, where k is the sound wave number in the medium, and θðyÞ is the angle of the path with the path slope tan θ ¼ f 0 ðxÞ [cf. Fig. 1 ]. As an example, the sound field illustrated in Fig. 1(a) is a beam that has a half-circle path fðxÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi r 2 − ðx − rÞ 2 p centered at ðx; yÞ ¼ ðr; 0Þ, and the desired phase-shift profile for generating such a bending beam from a normally incident plane wave front is ϕðyÞ ¼ −kðy − 2kr ffiffiffiffiffiffiffi y=r p Þ. This phase profile illustrates the requirement for the full control of a transmitted wave front on the screen. The requirement, in addition to the efficient transmission, is the ability to yield a phase shift that rapidly varies along the screen in the y direction. The variation requires the screen to have a fine spatial resolution when using discrete structures along the y direction to minimize the spatial aliasing effect.
III. DESIGN
We use elements of a hybrid structure shown in Fig. 2(a) to construct the transmission screen. The structure consists of deep subwavelength cavities, which are acoustic HRs, and a straight pipe at the open side of the HRs. The HRs act as lumped elements providing an effective acoustic reactance to shift the phase of the incident acoustic field [9] , but the phase shift provided by a single HR is limited within a small range.
Hereby, a series connection of four HRs is employed to achieve a wide range of phase shifts [cf. Fig. 2(a) ]. We use HRs in a series with a tunable height h 3 to span the phase shift over a full 2π range. However, there is an impedance mismatch between the Helmholtz resonators and the surrounding medium that leads to a low transmission of the sound [9] . The series connection of HRs inevitably enlarges the impedance mismatch as compared with a single HR with the sounding medium. As a result, this series connection leads to an even lower transmission.
In order to obtain a high transmission, we propose a hybrid structure by coupling the series of HRs with a straight pipe of a tunable height h 1 and a fixed width w ¼ λ=2 [cf. Fig. 2(a) ]. With the λ=2 length, this straight pipe will effectively match the acoustic impedance, which is based on the Fabry-Perot resonance [23, 24] and, hence, effectively enhances the sound transmission.
The way that we design a structure in such a hybrid manner allows us to keep a deep subwavelength resolution along the screen direction, i.e., h ≪ λ [cf. Fig. 2(a) ].
Here we choose the dimension h to be an order smaller than the sound wavelength, h ¼ λ=10, such that there are ten elements over each wavelength range along the screen. That is a reasonable resolution to achieve a fine manipulation of the wave front beyond the paraxial approximation.
We fix the unit dimension h for the convenience of stacking the units together. Therefore, by tuning the cavity height h 3 , the pipe height h 1 changes as well (although one can alternatively fix h 1 but change the unit dimension h with the cavity height h 3 ). We use as many as four HRs in a series, which is the minimum number needed to provide enough resonances with the pipe to maintain the transmission performance, as we verify through our simulations.
IV. SIMULATIONS A. Dependence on structural parameters
We simulate the phase shift and transmission coefficient of the proposed structure as a function of the tunable pipe (or cavity) height ratio, h 1 =h (or h 3 =h) in Fig. 2(b) . The simulation is for a fixed element height h ¼ λ=10 and normally incident plane waves [25] . The transmission (blue solid line) is up to 0.9 once h 1 =h > 0.143, where the phase shift (red solid line) spans the whole 2π range when tuning 0.15 ≤ h 1 =h ≤ 0.6. For comparison, also plotted is the phase shift (red dashed line) yielded by a single HR, illustrating its small range of phase shift. A comparison of the transmission with that of the HRs series (blue dashed curve) shows that the coupling of HRs with the pipe for the Fabry-Perot resonance greatly enhances the transmission over a wide range of h 1 =h.
We use eight values of h 1 =h shown by the eight dots in Fig. 2 (b) to achieve eight steps of an equally spaced phase shift for practical realization. The simulations of the transmission through these eight individual elements are illustrated in Fig. 2(c) . The simulated primary field is a plane wave normally incident from the negative x side. The computed fields show the desired phase shift equally spaced from 0 to 2π and also a high transmission that is larger than 0.92.
B. Transmission spectra
The above simulations are for the Fabry-Perot resonances, where the frequency equals the resonant frequency (denoted by f 0 ) associated with w ¼ λ=2. Here we further simulate the transmission spectra of the eight elementary units. The transmission coefficient shown in Fig. 3(a) is considerably high over a relatively broad frequency range. This is a result of Fano-like resonances supported by the coupling of the straight pipe with the HRs in the hybrid structure of the units [cf. Fig. 2(a) ]. Each unit containing four HRs gives four coupling resonances and, hence, leads to four transmission peaks at the transmission spectra over a relatively broad frequency range [this range is not completely covered in Fig. 3(a) ]. Even so, the transmission coefficient drops to 80% when f=f 0 increases to 1.053. On the other hand, the spanning range of the phase shift of these eight elements narrows to 80% of 2π when f=f 0 decreases to 0.937, as shown in Fig. 3(b) . As a result, the performance of the elements is limited in a finite band of frequency range between these two cutoffs. Within this band, 0.937 ≤ f=f 0 ≤ 1.053, the units should have a reasonably good performance. 
C. Redirection of acoustic beams
To examine the performance, we numerically apply our designed units to redirect the propagation of an acoustic beam. Here, a 150-unit screen used for the redirection provides a stair-step discrete phase profile that resembles the desired linearly gradient phase profile, ϕðyÞ ¼ −k sinðθÞy, where θ is the designed redirection angle (38°h erein), and k is the wave number associated with the FabryPerot resonance at f 0 . The simulated results reveal that the redirected beam is in a good shape as the incident beam [cf. Fig. 4(a) ] and propagates along the designed angle of 38°w hen f ¼ f 0 [cf. solid curve in Fig. 4(b) ], but at cutoff frequencies, both the beam amplitude and redirected angle are deviated a bit [cf. dot-dashed curves in Fig. 4(b) ]. Figure 5 (a) presents a sample of eight elementary units that provide a phase shift over a 2π span with a step of π=4. The units are fabricated with thermoplastics via 3D printing (Stratasys Dimension Elite, 0.08 mm in precision).
V. EXPERIMENT
We experimentally illustrate the performance of our units by implementing them to form a self-bending beam illustrated in Fig. 1 . The self-bending beam is in the nonparaxial regime that can challenge the performance of our passive array. The beam was recently formed by using an active phased array [26, 27] , where the complexity   FIG. 4 . Redirection of acoustic beams by a 150-element screen that provides a stair-step phase profile along the screen. (a) Sound fields simulated for the screen that redirects a normally incident acoustic beam of f ¼ f 0 at an angle of 38°(denoted by green arrow) away from its incident direction (denoted by black arrow). (b) Polar directivity graph of the redirected beams measured at ten wavelengths away from the center of the screen, at f ¼ f 0 (solid curve), and at the two cutoff frequencies in Fig. 3 (dot-dashed  curves) . Fig. 1 by using an 80-unit screen sandwiched between two plexiglass plates (300×120×0.5 cm 3 of a 2.1−cm gap. Wedge− shaped sound−absorbing foam is installed at the boundaries of the plates to mimic an anechoic environment. The speaker dimension is 3 × 3 cm 2 , and sound fields are measured in the scanning region using a 1=4-in. microphone (Brüel & Kjaer type 4961); both magnitude and phase are recorded by referring to a signal recorded by a second microphone at a fixed point.
was the control of the individual sources of the active array. Here we can simply use a passive metascreen to form this nonparaxial beam. Our screen has a length of 8λ [cf. Fig. 5(b) ], composed of 80 elementary units (recall that each unit occupies λ=10 along the screen) for the purpose of forming a reasonably good wave front.
The distribution of the 80 units along the screen is illustrated by the discrete phase shift shown by red hollow points in Fig. 6(a) . The discrete phase shift is determined from the desired continuous phase profile [cf. black curves in Fig. 6(a) ],
which is the profile in Fig. 1 but with an additional term accounting for the phase of the source (located at L ¼ 120 cm away from the screen) while arriving at the screen of length H ¼ 80 cm [cf. Fig. 5 ].
The screen shapes the sound field of the point source into a self-bending beam that is measured and shown in Fig. 6(b) . The measured field reveals the structures' ability to form such a self-bending beam beyond the paraxial approximation. For the purpose of comparison, Fig. 6(c) shows sound fields simulated for the 80-unit screen and loudspeaker [28] . The comparison of the simulation with experimental measurements is further illustrated in Fig. 6(d) showing the sound pressure level along the designed arc trajectory, where the difference in the near field stems from imperfect sound absorption by wedgeshaped foams at two edges of the metascreen that leads to standing waves in between. We, hence, demonstrate the performance of our metascreen even in forming such a beam in the nonparaxial approximation.
VI. SUMMARY AND OUTLOOK
To summarize, we design and realize a metascreen-based passive array that efficiently transmits sound energy from a primary source, steers a local phase shift that spans a full 2π range, and, meanwhile, has a deep subwavelength spatial resolution. The elements of the array have a hybrid structure composed of a series of Helmholtz resonators and Fabry-Perot resonant straight pipes. A series connection of Helmholtz resonators possess the ability to yield a 2π range phase shift while the Fabry-Perot resonance maintains the impedance matching to enhance the sound transmission. The element's discrete resolution is as small as 1=10 of the sound wavelength, allowing a sufficiently fine control of the sound fields beyond the paraxial region, as we demonstrate in experiment for generating a nonparaxial self-bending beam. Constructing a deep subwavelength structure for high transmission and a full range of phase shift is a challenge in acoustic wave-front steering. By resolving this challenge, our designed metascreen has the capability to play a role like conventional phased arrays but in a passive way that avoids the complexity of active arrays. Our passive array using a metascreen with its simple configuration and extreme acoustic performance can, hence, have applications in places where the conventional array will have complexity and limited capability. The screen may be used for sound-field shaping in underwater sound arrays [29] , nondestructive testing [30] , audio presentation [31] , and particle manipulation [32] . The screen may also be used in ultrasound imaging and therapy to create a beam without diffraction [33] or focused at a specific depth below the acoustic transducer [34] .
Our passive phased array provides a finite-band control of a transmitted acoustic wave front. In the future, a complementary design for the steering of broadband pulses will be valuable. Y. L. and X. J. contributed equally to this work.
